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We present a new technique for obtaining simultaneous 
multimodal quantitative phase and fluorescence 
microscopy of biological cells, providing both 
quantitative phase imaging and molecular specificity 
using a single camera. Our system is based on an 
interferometric multiplexing module, externally 
positioned at the exit of an optical microscope. In 
contrast to previous approaches, the presented 
technique allows conventional fluorescence imaging, 
rather than interferometric off-axis fluorescence imaging. 
We demonstrate the presented technique for imaging 
fluorescent beads and live biological cells.  
 
OCIS codes: (090.1995) Digital Holography; (100.3175) Interferometric 
imaging; (170.2520) Fluorescence microscopy; (170.3880) Medical and 
biological imaging; (170.1530) Cell analysis.  
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Throughout the years, various microscopic methods have been 
developed in order to enhance contrast and differentiate between 
relevant and irrelevant information when imaging biological 
samples. Specifically, live biological cells are almost entirely 
transparent when imaged in vitro using bright-field microscopy, 
making it difficult to discern cell contents. The most commonly 
used method for enhancing biological sample imaging contrast is 
staining or labeling the sample. In fluorescence microscopy, cell 
labeling is implemented by introducing fluorophores into the 
sample, which then proceed to bond to the targeted membranes or 
molecules within the sample. This technique is not restricted to the 
imaging of fixed cells and can be applied in live-cell imaging as well.  
An alternative approach used to enhance the contrast of 
biological samples is phase microscopy. Phase microscopy takes 
advantage of the fact that the amount of delay accumulated by the 
illumination light as it passes through the different regions in the 
sample is dependent on the refractive indices and sample 
thicknesses at each point in the sample. In contrast to Zernike’s 
phase contrast microscopy and differential interference contrast 
(DIC) microscopy, quantitative phase microscopy (QPM) enables 
the acquisition of contrast at all spatial points in the sample image. 
Furthermore, the contrast obtained by QPM is quantitative; the 
optical path delay (OPD) of the light as it propagates through each 
spatial point in the sample is obtained, producing a quantitative 
OPD value for each spatial point in the sample image, as opposed 
to the non-quantitative values acquired using Zernike’s phase 
contrast microscopy or DIC, as well as label-based approaches, 
such as fluorescence microscopy. The OPD value obtained at each 
point is equal to the product of the sample thickness at that point 
in the sample and the integral refractive index along this thickness. 
However QPM, contrary to label-based microscopy, does not 
enable molecular specificity, meaning that it is not possible to 
selectively image specific cell organelles. This is due to the fact that 
the QPM contrast mechanism is based on the cell refractive index, 
which may not be unique to the organelles of interest. 
Simultaneously obtaining both molecular specificity using 
fluorescence microscopy and quantitative contrast using QPM 
enables unique cell characterizations, such as separate quantitative 
phase investigation of certain organelles. Several previous works 
have proposed techniques for measuring fluorescent emission 
together with quantitative phase imaging in order to gain 
molecular specificity in biological cell imaging [1-5]. However, 
these approaches use two different imaging channels and two 
different cameras, one for QPM and the other for fluorescence 
microscopy. This leads to complex microscopy systems and 
difficulties in registering the two images from the two cameras 
when processing the data.  
QPM of dynamic biological cells is typically implemented using 
off-axis holography, which captures the complex wavefront of the 
sample with a single camera exposure. This is done by inducing a 
small angle between the sample and the reference beams, creating 
the off-axis interference pattern of the hologram. Phase 
reconstruction from this single off-axis interference pattern is 
possible as, in the spatial frequency domain, there is full separation 
between the auto-correlation term that originates from the sample 
and reference beam intensities and each of the cross-correlation 
terms, each of which contains the complex wavefront of the 
sample. This spatial frequency separation typically occurs along a 
single axis, which allows the encoding of more information along 
the other axes as well. This can be done by optically multiplexing 
several holograms with different interference fringe orientations 
into a single hologram and fully reconstructing each of the complex 
wavefronts encoded. Each of these holograms can contain 
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The second interferometer contains lens L4 (f = 100 mm) that 
Fourier transforms the second beam produced by BS2. It also 
contains beam splitter BS4 and two 3-mirror retroreflectors, RR2 
and RR3, creating two sample beams with an off-axis angle 
between them. These beams are recombined after they pass once 
again through lens L4 and are reflected onto the camera by beam-
splitter BS2. Since we use 3-mirror retroreflectors, retaining the 
solid angles of the reflected beams, the two sample beams arrive at 
the camera with an accurate spatial overlap between them [10]. In 
addition, even though the fluorescent signal is split into three 
copies of itself, in the end it is recombined by the beam-splitters 
with an exact spatial overlap, resulting in a single fluorescent signal 
with no shift between the recombined copies. Overall, on the 
camera we obtain a multiplexed off-axis hologram, containing two 
holograms with different fringe orientations – a conventional off-
axis hologram of the sample and an off-axis self-interference 
hologram. In addition, the regular fluorescence image is projected 
onto the camera. Figure 1(b) shows a theoretical scheme of the 
spatial frequencies obtained. Since the self-interference off-axis 
hologram retains a copy of the auto-correlation term, located 
diagonally off-axis, we can allow in-line overlap between the auto-
correlation term of the regular off-axis interference hologram and 
that of the fluorescence image, both located at the origin of the 
spatial frequency domain. The in-line fluorescence image can be 
extracted by subtracting the auto-correlation term obtained off-
axis in the spatial frequency domain. The phase image can then be 
obtained as usual, from one of the cross-correlation terms [11].  
The conventional hologram created on the camera can be 
mathematically formulated as follows:  
ܫଵ = |ܵᇱ + ܴ|ଶ = |ݎ(ݔ, ݕ)|ଶ + |ݏ(ݔ, ݕ)|ଶ                     
+ݎ∗(ݔ, ݕ)ݏ(ݔ, ݕ) exp ቀ−݆݇൫߮௦ − ߮௥ + ݕsinߠ௬൯ቁ       
+ݎ(ݔ, ݕ)ݏ∗(ݔ, ݕ) exp൫݆݇(߮௦ − ߮௥ − ݕsinߠ௬൯.                  (1) 
where ܵᇱ(ݔ, ݕ) = ݏ(ݔ, ݕ) exp(−݆݇߮௦) exp (−݆݇ݕݏ݅݊ߠ௬) is the 
sample beam slightly inclined at an off-axis angle of ߠ௬ along the ݕ 
axis, ܴ(ݔ, ݕ) =  ݎ(ݔ, ݕ) exp(−݆݇߮௥) is the reference beam, and 
߮௦ and ߮௥ are the sample and reference beam phases, respectively. 
In the spatial frequency domain, the last two terms of Eq. 1 are the 
cross-correlation terms, each containing the complex wavefront of 
the sample. The first two terms in this equation are the auto-
correlation terms, centered at the origin of the spatial frequency 
domain. These terms will overlap with the Fourier transform of 
the fluorescence intensity ܨand therefore ܨ normally cannot be 
reconstructed. We therefore simultaneously acquire another off-
axis hologram of the interference between two copies of the 
sample beam, mathematically formulated as follows:  
ܫଶ = |ܵ + ܵᇱᇱ|ଶ = 2|ݏ(ݔ, ݕ)|ଶ+|ݏ(ݔ, ݕ)|ଶ exp(−݆݇ݒ)                 
+|ݏ(ݔ, ݕ)|ଶ exp(݆݇ݒ).            (2) 
where ܵ(ݔ, ݕ) = ݏ(ݔ, ݕ) exp(−݆݇߮௦) is the sample beam,  
ܵᇱᇱ(ݔ, ݕ) = ݏ(ݔ, ݕ) exp(−݆݇߮௦) exp(−݆݇ݒ) is the sample 
beam slightly inclined at an off-axis angle  along the diagonal 
line ݕ = −ݔ, and ݒ = ݔsinߠ௫ + ݕsinߠ௬. The overall 
multiplexed hologram recorded by the camera in a single 
exposure is mathematically formulated as: ܫெ = ܫଵ + ܫଶ + ܨ. 
By cropping one of the off-axis shifted auto-correlation terms, and 
subtracting it three times from the central term, we can obtain the 
fluorescence image with a bias of the reference beam intensity. 
Note that if the reference beam is constant, its spatial frequencies 
are located in a single point at the center of the spatial frequency 
domain, thus this bias is negligible. In addition to the fluorescence 
image, it is still possible to reconstruct the quantitative phase 
information of the sample in the conventional way by cropping 
one of the y-shifted cross-correlation terms.  
We experimentally implemented the system shown in Fig. 1(a). 
First, we imaged fluorescent beads (6 μm melamine resin 
microbeads, refractive index of 1.68, GFP labeled, Fluka Analytical) 
in oil immersion medium (Zeiss), with refractive index of 1.52. On 
the camera, we obtained three signals simultaneously: the regular 
off-axis hologram of the sample (sample plus reference), the self-
interference off-axis hologram of the sample (sample plus sample), 
and the regular, in-line fluorescence image. At first, each of these 
three terms was tested separately. By blocking the self-
interference hologram arm and the fluorescence, the conventional 
hologram was obtained, as shown in Fig. 2(a). Then, by blocking 
the regular off-axis hologram arm and the fluorescence, the self-
interference hologram was obtained, as shown in Fig. 2(b).  
Note that the off-axis fringes in this self-interference hologram 
do not curve as they pass through the bead, in contrast to the 
hologram shown in Fig. 2(a) that retains the phase information. 
Finally, by completely blocking the laser illumination (both 
hologram arms), a regular fluorescence image was obtained, as 
shown in Fig. 2(c). Note that to allow simultaneous acquisition, we 
equalized the intensities of the coherent source with that of the 
fluorescent signal. Also note that there is intensity loss in the beam 
splitters combining the signals.  
Finally, by illuminating with both the laser and the white-light 
source, without blocking any arms in the system, a multiplexed off-
axis image hologram was recorded, as shown in Fig. 2(d). This 
multiplexed hologram was then digitally processed in order to 
reconstruct both the OPD map and the fluorescence image. First, 
the multiplexed hologram was digitally Fourier transformed, 
resulting in a spatial frequency domain containing two off-axis 
cross-correlation terms, two off-axis auto-correlation terms, and a 
central auto-correlation term that overlaps with the fluorescence 
auto-correlation term, as shown in Fig. 2(e). It can be seen that this 
spatial frequency domain matches the theoretical domain shown 
in Fig. 1(b). Next, one of the off-axis auto-correlation terms 
representing the self-interference and one of the cross-correlation 
terms representing the complex wavefront of the sample were 
extracted. The central terms were then isolated and inverse 
Fourier transformed back to the image domain, resulting in an 
image that contains the sample intensity of both the coherent 
channel and the fluorescence image, with the result shown in Fig. 
2(f). In addition, the off-axis auto-correlation term was inverse 
Fourier transformed as well, resulting in the image shown in Fig. 
2(g). Finally, in order to decouple the fluorescent signal from the 
auto-correlation terms, the off-axis auto-correlation image was 
subtracted three times from the image produced from the central 
terms, as described previously. This resulted in the reconstruction 
of the fluorescence image of the sample shown in Fig. 2(h) [11], 
with a clear resemblance to the original fluorescence image of the 
bead shown in Fig. 2(c). In order to reconstruct the OPD map of the 
sample using conventional off-axis holographic processing, one of 
the cross-correlation terms was cropped and then inverse Fourier 
transformed. 
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